Introduction
============

Upon direct excitation, 1-naphthaldehyde (**1**) and 2-naphthaldehyde (**2**) undergo photochemical transformations at the aldehyde carbonyl group. Like for many other aromatic aldehydes, the typical reaction products are oxetanes (Paternò--Büchi reaction[@cit1],[@cit2]),[@cit3] alcohols (photoreduction)[@cit4] or carbonyl addition products (photoaddition).[@cit5] The reaction of 1-naphthaldehyde (**1**) in 2,3-dihydrofuran for example has been reported to deliver oxetane **3** in a yield of 55% ([Scheme 1](#sch1){ref-type="fig"}).[@cit3d] The reactivity pattern is determined by the nπ\* character of the reactive excited states (singlet or triplet)[@cit6] or it is due to electron transfer pathways which generate a radical anion by reduction of the carbonyl group.

![Paternò--Büchi reaction of 1-naphthaldehyde (**1**) to oxetane **3** (top) and Mg(ClO~4~)~2~-mediated photoaddition of benzyltrimethylsilane to 2-naphthaldehyde (**2**).](c9sc03315g-s1){#sch1}

In recent work, the influence of Lewis acids on photochemical reactions has been studied with a focus on enantioselective transformations.[@cit7] However, it was also noted that the Lewis acid modifies other selectivity parameters.[@cit8] We hypothesized that by Lewis acid coordination to the carbonyl group of naphthaldehydes their typical photochemical behaviour may change because the lowest excited states are of ππ\* character. This speculation was supported by previous experiments on photoinduced electron transfer (PET) reactions of silanes to naphthaldehydes.[@cit9] In the absence of a Lewis acid the aldehydes are not sufficiently reactive to undergo a PET with silanes such as benzyltrimethylsilane (TMSBn). The addition of magnesium perchlorate (4 eq. relative to **2**) allows for the desired transformation and product **4** was obtained in the reaction of 2-naphthaldehyde (**2**) and TMSBn (2 eq.).

In the context of these reactions, Fukuzumi and co-workers studied the photophysical properties of Lewis acid \[Mg(ClO~4~)~2~ or Sc(OTf)~3~\] complexes with naphthaldehydes **1** and **2** in great detail.[@cit9b] While the enhanced reactivity in the reaction with silanes was ascribed to the higher redox potential of the photoexcited Lewis acid complex, it was also concluded that "the π,π\* excited state becomes the lowest excited state in the Mg(ClO~4~)~2~ complex as compared with the lowest n,π\* triplet excited state in the uncomplexed carbonyl compound".

In the present study, we have compared the photochemical reactivity of 1- and 2-naphthaldehyde towards a typical olefin component (2,3-dimethyl-2-butene) in the absence and in the presence of catalytic amounts of strong Lewis acids. The Lewis acids induced a complete reversal of the type selectivity from carbonyl reactions in the absence of a Lewis acid to reactions at the C1/C2 double bond of the aromatic core. To the best of our knowledge, a complete type selectivity reversal in the photochemistry of aldehydes has not yet been reported. Previous studies in photochemistry have mainly focussed on the choice of irradiation wavelength[@cit10] or the addition of a triplet sensitizer. One of the most notable type selectivity changes is observed with β,γ-unsaturated enones which undergo an oxadi-π-methane rearrangement in the presence and a 1,3-acyl shift in the absence of a triplet sensitizer.[@cit11]

Results and discussion
======================

Although 1- and 2-naphthaldehyde had been previously shown to undergo Paternò--Büchi and photocycloaddition reactions with olefins[@cit3] we closely examined the yet unreported reaction with 2,3-dimethylbutene in order to rule out any involvement of the aromatic π system. Upon irradiation at *λ* = 366 nm product formation was observed and three major products could be isolated and identified for both aldehydes ([Fig. 1](#fig1){ref-type="fig"}). 1-Naphthaldehyde (**1**) delivered oxetane **5a** and the two carbonyl addition products **6a** and **7a** in a combined yield of 63%. 2-Naphthaldehyde (**2**) reacted similarly and furnished oxetane **5b** and the alcohols **6b** and **7b** in a combined yield of 79%. The reactions were notoriously slow and proceeded only with an acceptable conversion if performed in the olefin as the solvent.

![Products **5--7** obtained by irradiation (*λ* = 366 nm) of 1-naphthaldehyde (**1**) and 2-naphthaldehyde (**2**) in a solution of excess (100 eq.) 2,3-dimethyl-2-butene (*t* = 20 h).](c9sc03315g-f1){#fig1}

There was no photochemical reaction of **1** and **2** upon irradiation at a longer wavelength (*λ* ≥ 400 nm). This observation is in line with the fact that the two naphthaldehydes are colourless with no absorption bands in the visible part of the spectrum. The spectrum of 1-naphthaldehyde (**1**) is depicted in [Fig. 2](#fig2){ref-type="fig"} (for the spectrum of **2**, see the ESI[†](#fn1){ref-type="fn"}) that also displays the spectral changes upon gradual addition of EtAlCl~2~ as the Lewis acid. Isosbestic points at 255 nm, 288 nm, and 340 nm indicate that there are only two UV active species present in solution. The absorption of the Lewis acid complex stretches into the visible region and the solution of the complex is yellow-coloured. Likewise 2-naphthaldehyde (**2**) showed a less pronounced but clearly identifiable absorption maximum at *λ* = 398 nm.

![UV/Vis spectrum of 1-naphthaldehyde (**1**) (*c* = 1.0 mM in CH~2~Cl~2~) in the presence of variable equivalents (eq.) of EtAlCl~2~.](c9sc03315g-f2){#fig2}

Based on its UV/Vis spectra it was attempted to photochemically convert 1-naphthaldehyde (**1**) and 2,3-dimethylbutene in the presence of Lewis acids. At *λ* = 405 nm there was a Lewis acid catalysed reaction with EtAlCl~2~ and AlBr~3~ showing similar activity. The cleanest reaction was recorded with 25 mol% AlBr~3~ at --78 °C in dichloromethane solution ([Scheme 2](#sch2){ref-type="fig"}). In none of these reactions was there an indication for the formation of carbonyl addition products **5a--7a**. Surprisingly, the obtained product was aldehyde **8** with a rearranged carbon skeleton. Deuterium labelling experiments revealed that the aldehyde proton remains at its position and that the proton at C2 migrates to C1 in the course of the reaction. Final proof for the structure was obtained upon reduction of aldehyde **8** to alcohol **9** which in turned delivered crystals suitable for single crystal X-ray crystallography.

![AlBr~3~-catalysed photochemical reaction of 1-naphthaldehyde (**1**) and 2,3-dimethyl-2-butene and consecutive reaction of aldehyde **8** to alcohol **9** the constitution of which was established by single crystal X-ray crystallography. The marked positions indicate the positions of hydrogen atoms before and after the reaction as determined by deuterium labelling.](c9sc03315g-s2){#sch2}

Since we speculated that aldehyde **8** was derived from an *ortho* \[2 + 2\] photocycloaddition[@cit12]--[@cit14] to the naphthalene C1/C2 bond, cyclobutane **10** was prepared by an independent route (see ESI[†](#fn1){ref-type="fn"}) and subjected to Lewis acidic conditions ([Scheme 3](#sch3){ref-type="fig"}). The formation of aldehyde **8** supported our hypothesis and suggests a reaction pathway that commences with Lewis acid coordination to the aldehyde carbonyl group of **10**. The reaction cascade is subsequently initiated by a 1,2-shift to the cationic centre[@cit15],[@cit16] generating benzylic cation **11**. An intramolecular hydride shift delivers cation **12** which eventually undergoes ring opening to the final product.

![Suggested reaction course for the formation of aldehyde **8** from *ortho* photocycloaddition product **10***via* intermediates **11** and **12**.](c9sc03315g-s3){#sch3}

Once known from independent synthesis,[@cit17] minor amounts of cyclobutane **10** were also identified and isolated from the product mixture of some Lewis acid catalysed reactions lending further evidence towards its temporary existence in the formation of aldehyde **8**.

In the case of 2-naphthaldehyde (**2**), the cyclobutane reaction product was stable and could be isolated. A low Lewis acid loading of either EtAlCl~2~ or AlBr~3~ was sufficient to alter the type selectivity of the photochemical reaction with 2,3-dimethylbutene ([Scheme 4](#sch4){ref-type="fig"}). As for 1-naphthaldehyde (**1**) there was no reaction observed at the aldehyde carbonyl atom and products **5b--7b** were not detected in the Lewis acid catalysed reactions. The optimal irradiation source turned out to be a light emitting diode (LED) with an emission maximum at *λ* = 457 nm ([Scheme 4](#sch4){ref-type="fig"}). When the photocycloaddition was performed with 5 mol% of AlBr~3~ in dichloromethane at --78 °C 56% of product **13** were isolated. With other Lewis acids \[BF~3~, AlCl~3~, Sc(OTf)~3~\] there was no reaction under these conditions.

![Intermolecular Lewis acid catalysed *ortho* photocycloaddition of 2-naphthaldehyde (**2**) and 2,3-dimethylbutene to cyclobutane **13**.](c9sc03315g-s4){#sch4}

In the reaction with AlBr~3~ as catalyst a side product was obtained in varying amounts and there were hints that the product was a consecutive product of cyclobutane **13**. If the reaction mixture was warmed to 0 °C after complete photochemical conversion, a further transformation to this product continued which was complete after another 12 hours. The product was identified as alcohol **14** which could be isolated in 74% yield ([Scheme 5](#sch5){ref-type="fig"}). The reaction cascade thus offers access to a formal \[3 + 2\] cycloaddition product of 2-naphthaldehyde with C--C bond formation at the aldehyde carbon atom and at carbon atom C1.

![Optimised conditions for the generation of secondary alcohol **14** by a sequence of AlBr~3~-catalysed *ortho* photocycloaddition and rearrangement.](c9sc03315g-s5){#sch5}

Despite the fact that the synthetic scope of the *ortho* photocycloaddition was not in the focus of our current experiments we performed a related formal \[3 + 2\] cycloaddition sequence with 2-naphthaldehyde (**2**) and cyclopentene. After the photocycloaddition/rearrangement cascade (*λ* = 457 nm, 5 mol% AlBr~3~, CH~2~Cl~2~) the expected alcohol could not be isolated in pure form. It was therefore oxidised (Dess--Martin periodinane) to the respective ketone **15** ([Fig. 3](#fig3){ref-type="fig"}) which was isolated in an overall yield of 41% as a single diastereoisomer.

![Structure of the photocycloaddition/rearrangement cascade product **15** (left) and selected NMR shift changes (right) in the Lewis acid complex **16** derived from 2-naphthaldehyde (**2**) and EtAlCl~2~ (--60 °C, CD~2~Cl~2~).](c9sc03315g-f3){#fig3}

Some preliminary mechanistic experiments[@cit18] were performed to shed light on the underlying principles of the observed type selectivity reversal. NMR spectra of 2-naphthaldehyde (**2**) were recorded at --60 °C in CD~2~Cl~2~ solution (see the ESI[†](#fn1){ref-type="fn"} for details). Upon addition of EtAlCl~2~ (1.1 eq.) as Lewis acid there were marked changes[@cit19] in the NMR shift data which are in full agreement with a coordination of the Lewis acid to the oxygen atom of the carbonyl group. Most notable are the shift changes to lower field for the ^13^C NMR signals of the carbonyl carbon atom and the carbon atom C1 ([Fig. 3](#fig3){ref-type="fig"}). In the ^1^H NMR spectrum the shielding of the aldehyde proton is most prominent. Together with the UV/Vis spectra (isosbestic point) it seems reasonable to assume that upon addition of Lewis acid a 1 : 1 complex **16** is formed. Attempts to detect this species by luminescence were successful and luminescence spectra could be obtained for both aldehydes **1** and **2** in the presence of EtAlCl~2~ (3 eq.) as the Lewis acid in dichloromethane solution. The lifetimes of the luminescent state as determined by time-dependent spectra are below 10 μs (detection limit). Given the fact that the emission was observed in solution and given the short lifetime of the luminescent state it appears reasonable to assume that the luminescence is due to emission from the singlet state S~1~ (fluorescence). A delayed luminescence (phosphorescence) could be detected neither in solution nor in a matrix. The fluorescence maxima of the EtAlCl~2~ complexes were determined to be at *λ* = 468 nm for **1** (*λ*~exc~ = 400 nm) and at *λ* = 478 nm for **2** (*λ*~exc~ = 390 nm, [Fig. 4](#fig4){ref-type="fig"}).

![Normalized absorption and emission spectra as measured for a CH~2~Cl~2~ solution (0.1 mM) of 1-naphthaldehyde (**1**, left) and 2-naphthaldehyde (**2**, right) in the presence of three equivalents EtAlCl~2~. For clarity only the region between *λ* = 325--575 nm is displayed and the weak long wavelength absorption obtained for complex **16** (**2**·AlEtCl~2~) is also expanded by a factor of five (dotted line).](c9sc03315g-f4){#fig4}

The emission behaviour of the EtAlCl~2~ complexes is in stark contrast to the uncomplexed naphthaldehydes which are non-fluorescent in solution but show a strong phosphorescence in a dichloromethane matrix at 77 K (see the ESI[†](#fn1){ref-type="fn"} for more details). Our results are in agreement with previous work of Fukuzumi *et al.* (*vide supra*) who had reported for the complexes of Mg(ClO~4~)~2~ and naphthaldehydes **1** and **2** a fluorescence in acetonitrile solution with emission maxima at *λ* = 437 nm and at *λ* = 440 nm.[@cit9b] With Sc(OTf)~3~ the emission maxima were red-shifted to *λ* = 487 nm and *λ* = 510 nm. In the Fukuzumi study, the fluorescence was quenched upon addition of silanes and products of a PET were obtained (*cf.*[Scheme 1](#sch1){ref-type="fig"}). Surprisingly, in our case, the fluorescence of the naphthaldehyde-EtAlCl~2~ complexes was not quenched upon addition of up to 1000 equivalents of 2,3-dimethylbutene. The fluorescence intensity remained identical and there was no change in shape of the fluorescence signal. The result makes it unlikely that the fluorescent states are involved in the observed *ortho* photocycloaddition. Further evidence that the photocycloaddition does not occur from a singlet state intermediate was obtained from the reaction of 3-hexene (**17**) with 2-naphthaldehyde (**2**). The reaction was not stereospecific as both (*E*)-**17** and (*Z*)-**17** delivered mainly a single product **18**. The reaction time was kept identical (12 hours) and starting material was recovered in both experiments (20% and 38%). The yields given in [Scheme 6](#sch6){ref-type="fig"} are not corrected for conversion. When calculated relative to conversion the yield for **18** was 78% from (*E*)-**17** and 63% from (*Z*)-**17**.

![Stereoconvergent reaction course in the Lewis acid catalysed *ortho* photocycloaddition of 2-naphthaldehyde (**2**) and 3-hexene (**17**).](c9sc03315g-s6){#sch6}

Based on NOESY data for **18** and for the alcohol obtained from **18** by reduction (LiAlH~4~ in THF, 88% yield, see ESI[†](#fn1){ref-type="fn"} for further details), the relative configuration of the two ethyl groups within the cyclobutane ring is *trans*. Formation of this product from (*Z*)-**17** requires the involvement of an intermediate in which free rotation is possible, potentially a triplet 1,4-diradical.[@cit20]

Despite this circumstantial evidence, any conclusions regarding the mechanism of the Lewis acid catalysed *ortho* photocycloaddition reactions are premature at this point in time. When the UV/Vis spectra of 1- and 2-naphthaldehyde were recorded in the presence of a large (\>3 eq.) excess of EtAlCl~2~ (see ESI[†](#fn1){ref-type="fn"}) they indicated the formation of new species which could potentially also be photochemically active. It is well established that a minor component can be responsible for the reactivity in a catalytic reaction.[@cit21] The exact assignment of these species needs to be performed and it will also be required to learn more about the reactivity features of the 1 : 1 Lewis acid complexes. The sheer number of various ππ\* transition accessible to naphthaldehydes and other aromatic aldehydes complicates the analysis which is much more facile for α,β-unsaturated carbonyl compounds where apart from the nπ\* transition only a single ππ\* transition is responsible for the photochemical reactivity.

Conclusion
==========

In summary, we have found that naphthaldehydes change their photochemical reactivity pattern dramatically in the presence of EtAlCl~2~ or AlBr~3~ as Lewis acids. The site of reactivity is shifted from the carbonyl group to the C1/C2 arene double bond where an initial *ortho* photocycloaddition with olefins occurs. Consecutive Lewis acid promoted reactions lead to an opening of the cyclobutane ring and to the formation of a C2-alkylated naphthalene in the case of 1-naphthaldehyde (**1**) and to a formal \[3 + 2\] cycloaddition product for 2-naphthaldehyde (**2**). Both reaction pathways create selectively C--C bonds at the naphthalene skeleton at the expense of existing C--H bonds. In combination with the facile execution of the reaction which requires only catalytic amounts (5--25 mol%) of the Lewis acid and visible light as energy source (*λ* = 405 or 457 nm) this feature should make the reactions a valuable supplement to the portfolio of C--C bond formation reactions at the naphthalene core.
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